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Abstract 
We have developed a quantitative thermodynamic description of the NH4H2PO4-(NH4)2H2P2O7-KH2PO4-K2H2P2O7-NH4NO3-KNO3-
NH4Cl-KCl-H2O system, which is of great importance for fertilizers applications. The liquid phase and all solid solutions were modeled 
using the Modified Quasichemical Model for short-range ordering. The liquid model includes the reaction of dimerization of AH2PO4 
(where A = NH4+ or K+) according to : 2 AH2PO4(liquid) ↔ A2H2P2O7(liquid) + H2O(liquid or gas). The model parameters are mainly obtained by 
the critical evaluation and optimization of available thermodynamic and phase equilibrium data for the lower-order subsystems. The 
model is then used to estimate the properties of multicomponent salts from these assessed parameters for the lower-order subsystems, 
using interpolation methods along with Gibbs energy minimization software. When used in conjunction with thermodynamic databases 
for solids, solid solutions, and gases, these databases permit the calculation of complex multiphase equilibria in multicomponent systems, 
using the FactSage thermochemical software. In particular, calculations of interest for the production and storage of fertilizers may be 
performed.  
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1. Introduction 
Thermodynamic information and phase equilibria are important for the understanding and control of the production and 
storage of fertilizers. Examples of calculations of interest are the solubilities, the liquidus temperatures, the vapor pressures 
of H2O and NH3 above melts, the value of OHp 2  (at the storage temperature) below which a liquid phase is not stable 
(critical in order to avoid caking),… In order to be able to perform such calculations, we have developed a thermodynamic 
database for the NH4H2PO4-(NH4)2H2P2O7-KH2PO4-K2H2P2O7-NH4NO3-KNO3-NH4Cl-KCl-H2O system. Generalities about 
thermodynamics are given in section 2. The liquid phase and all solid solutions were modeled using the Modified 
Quasichemical Model with two sublattices in the pair approximation [1]. This model is briefly described in section 3. The 
liquid model includes the reaction of dimerization of AH2PO4 (where A = NH4+ or K+) according to : 2 AH2PO4(liquid)           
↔ A2H2P2O7(liquid) + H2O(liquid or gas). Higher-order reactions of polymerization (i.e. 3 or more molecules of AH2PO4 reacting 
together) may occur but they are neglected in the present model. The model parameters are mainly obtained by the critical 
evaluation and optimization of available thermodynamic and phase equilibrium data for the lower-order subsystems : 
common-ion anhydrous binary subsystems such as NH4H2PO4-KH2PO4 and NH4H2PO4-NH4NO3, common-cation 
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anhydrous ternary subsystems such as NH4H2PO4-NH4NO3-NH4Cl, anhydrous ternary reciprocal subsystems such as 
NH4H2PO4-KH2PO4-NH4NO3-KNO3, H2O-containing binary subsystems such as NH4H2PO4-H2O, and H2O-containing 
ternary subsystems such as NH4H2PO4-NH4NO3-H2O and NH4NO3-KNO3-H2O. In particular, the experimental data used to 
model the phosphate-containing subsystems were mainly phase equilibria, the vapour pressure over melts and the ratio of 
dimerized phosphorus versus the final H2O content of the liquid phase. All anhydrous subsystems of the NH4+, K+ // H2PO4-, 
H2P2O72-, NO3-, Cl- - H2O system have been fully optimized and evaluated at all compositions. The predictions of the model 
for this system are currently valid up to 1 wt% H2O for the entire system, and up to 10 wt% H2O for the NH4+ // H2PO4-, 
H2P2O72-, NO3- - H2O subsystem. Reasonably accurate predictions are expected to be obtained up to about 40 wt% H2O for 
the NH4+ // H2PO4-, H2P2O72-, NO3- - H2O subsystem. Section 4 shows some results for the phosphate-containing subsystems 
NH4H2PO4-NH4NO3-NH4Cl, NH4H2PO4-KH2PO4-NH4NO3-KNO3, NH4H2PO4-H2O and NH4H2PO4-NH4NO3-H2O. Finally, 
some examples of calculations relevant for the production and storage of fertilizers are given in section 5.  
2. Generalities about thermodynamics 
The Gibbs energy G of a system is defined in terms of its enthalpy H, entropy S, and temperature T : 
 
TSHG                                                                                        (1) 
 
A system at constant temperature and pressure will approach an equilibrium state which minimizes G. As an example, 
consider the following reaction :  
 
Mg(OH)2(solid) ↔ MgO(solid) + H2O(gas)                                                                     (2) 
 
The Gibbs energy change ΔG of reaction (2) can be written as : 
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where 0G' is the standard Gibbs energy change of reaction (2), 0ig is the standard molar Gibbs energy of i, R is the gas 
constant, and OHp 2 is the partial pressure of H2O. The activities of MgO and Mg(OH)2, MgOa and 2)(OHMga , are both equal to 1 
since these are pure solids. An equilibrium state is reached when ΔG = 0. Then : 
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where K, the “equilibrium constant” of reaction (2), is the one unique value of OHp 2 for which the system will be in 
equilibrium at the temperature T. Now consider a liquid solution for which the following reaction of dimerization can occur:             
 
2 NH4H2PO4(liquid) ↔ (NH4)2H2P2O7(liquid) + H2O(gas)                                                                                      (5) 
 
The corresponding “equilibrium constant” can be written as :  
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where ia , iJ  and ix are respectively the activity (liquid reference state), activity coefficient (liquid reference state) and mole 
fraction of component i in the liquid solution. The activity coefficient iJ is defined by the following equation : 
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where EG is the excess Gibbs energy of the liquid solution, in  is the number of moles of component i in the liquid solution, 
and P is the pressure. The Gibbs energy G of the liquid solution can be written as : 
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where CONFIGS' is an approximate expression for the configurational entropy of mixing. The excess Gibbs energy EG  is a 
function of the composition, temperature T and pressure P, and it includes model parameters that are determined in order to 
best reproduce all available experimental data for the system (in particular phase equilibria). Phase equilibria in the 
multicomponent system can then be calculated using Gibbs energy minimization software, with a constraint on the 
elemental mass balance. 
3. Thermodynamic model for the liquid phase 
The liquid phase was modeled using the Modified Quasichemical Model with two sublattices in the pair approximation 
[1]. The various cations and anions of the system are assumed to distribute on two different sublattices. Short-range ordering 
of first-nearest-neighbor cation-anion pairs is treated, and the effect of second-nearest-neighbor (cation-cation and anion-
anion) interactions upon this ordering is taken into account. In addition to the NH4+ and K+ cations, the hydrated cations 
NH4(H2O)i+ and K(H2O)j+ (where i = 1,…, 8 and j = 1,…, 8) were introduced. Also, neutral H2O molecules were assumed to 
distribute on both sublattices (as H2O“+” and H2O“-”). The pH was assumed to be neutral and, consequently, the H3O+ and 
OH- ions were not taken into account. Finally, as already mentioned, the liquid model includes the reaction of dimerization 
of AH2PO4 (where A = NH4+ or K+) according to : 2 AH2PO4(liquid) ↔ A2H2P2O7(liquid) + H2O(liquid or gas). Therefore, the cations 
and anions considered in the liquid model are NH4+, NH4(H2O)i+ (i = 1,…, 8), K+, K(H2O)j+ (j = 1,…, 8), H2O“+” and  
H2PO4-, H2P2O72-, NO3-, Cl-, H2O“-” respectively. 
4. Some results for various phosphate-containing subsystems 
In this section, are given some relevant results for the phosphate-containing subsystems NH4H2PO4-NH4NO3-NH4Cl, 
NH4H2PO4-KH2PO4-NH4NO3-KNO3, NH4H2PO4-H2O and NH4H2PO4-NH4NO3-H2O.  
4.1. The NH4H2PO4-NH4NO3-NH4Cl system 
Nine sections of the NH4H2PO4-NH4NO3-NH4Cl ternary system were measured by the visual-polythermal method [2]. 
These various sections were calculated using solely the model parameters for the three binary subsystems (i.e. NH4H2PO4-
NH4NO3, NH4H2PO4-NH4Cl and NH4NO3-NH4Cl). Agreement with the available measurements is satisfactory. The 
calculated sections include the effect of polymerization for the liquid phase. That is, a small amount of NH4H2PO4 
condenses into (NH4)2H2P2O7 and H2O, which are both soluble in the liquid phase. The equilibrium amount of 
(NH4)2H2P2O7 and H2O in the liquid phase was calculated from the optimized model parameters for the NH4H2PO4-H2O and 
NH4H2PO4-NH4NO3-H2O liquids (see section 4.3).  
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Fig. 1. Calculated liquidus temperatures of the NH4H2PO4-NH4NO3-NH4Cl phase diagram at constant molar ratio NH4NO3 / (NH4H2PO4 + NH4NO3) of 0.6.  
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As an example, the calculated liquidus temperatures of the NH4H2PO4-NH4NO3-NH4Cl phase diagram at constant molar 
ratio NH4NO3 / (NH4H2PO4 + NH4NO3) of 0.6 is compared to the measurements [2] in figure 1. The calculated liquidus 
projection of the NH4H2PO4-NH4NO3-NH4Cl system is shown in figure 2. In this figure, there are four crystallization fields 
corresponding to solid NH4H2PO4, solid NH4Cl ( mFm3 ), a NH4Cl-rich solid solution ( mPm3 ), and a NH4NO3-rich solid 
solution ( mPm3 ). 
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Fig. 2. Calculated liquidus projection of the NH4H2PO4-NH4NO3-NH4Cl system. 
4.2. The NH4H2PO4-KH2PO4-NH4NO3-KNO3 system 
Twelve sections of the NH4H2PO4-KH2PO4-NH4NO3-KNO3 ternary reciprocal system were measured by the visual-
polythermal method [2]. These various sections were calculated using solely the model parameters for the four common-ion 
binary subsystems (i.e. NH4H2PO4-NH4NO3, KH2PO4-KNO3, NH4H2PO4-KH2PO4 and NH4NO3-KNO3). Agreement with 
the available measurements is satisfactory. The calculated sections include the effect of polymerization for the liquid phase. 
That is, a small amount of AH2PO4 (where A = NH4+ or K+) condenses into A2H2P2O7 and H2O, which are both soluble in 
the liquid phase. The equilibrium amount of A2H2P2O7 and H2O in the liquid phase was calculated from the optimized model 
parameters for the NH4H2PO4-H2O, NH4H2PO4-NH4NO3-H2O (see section 4.3) and KH2PO4-H2O liquids.  
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Fig. 3. Calculated liquidus temperatures of the NH4H2PO4-KNO3 section in the NH4H2PO4-KH2PO4-NH4NO3-KNO3 system. 
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As an example, the calculated liquidus temperatures of the NH4H2PO4-KNO3 section are compared to the 
measurements [2] in figure 3. The calculated liquidus projection of the NH4H2PO4-KH2PO4-NH4NO3-KNO3 system is 
shown in figure 4. In this reciprocal square, the four apexes correspond to the pure salts : NH4H2PO4, KH2PO4, NH4NO3 and 
KNO3. Note that there is a degree of freedom in expressing the compositions in such a system. For example, a solution of 
one mole of NH4H2PO4 and one mole of KNO3 could equally well be described as a mixture of one mole of NH4NO3 and 
one mole of KH2PO4. Therefore, the compositions are expressed in terms of cationic and anionic mole fractions. In figure 4, 
the X-axis corresponds to the anionic molar ratio NO3 / (H2PO4 + NO3), and the Y-axis corresponds to the cationic molar 
ratio NH4 / (K + NH4). There are four crystallization fields corresponding to a NH4H2PO4-KH2PO4 extensive solid solution, 
a NH4NO3-rich solid solution ( mPm3 ), and two KNO3 solid solutions ( mR3 and mR3 ). The KNO3 ( mR3 ) solid solution 
was assumed not to dissolve H2PO4-. 
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Fig. 4. Calculated liquidus projection of the NH4H2PO4-KH2PO4-NH4NO3-KNO3 system. 
4.3. The NH4H2PO4-H2O and NH4H2PO4-NH4NO3-H2O systems 
The phase diagram of the NH4H2PO4-H2O system has been measured [3-9]. The model parameters for the liquid phase of 
the NH4H2PO4-H2O system were obtained by the analysis of the NH4H2PO4-(NH4)2H2P2O7-H2O system and the NH4NO3-
NH4H2PO4-(NH4)2H2P2O7 system in the very low H2O content region of composition using the data of Bennett et al. [10] 
along with the data of Bergman et al. [2] for the “anhydrous” NH4NO3-NH4H2PO4 system. The fusion properties of the 
hypothetically pure liquid NH4H2PO4 (0% polymerized) were optimized from the liquidus data of the NH4H2PO4-H2O 
system. The Gibbs energy change for the reaction of dimerization 2 NH4H2PO4(liquid) ↔ (NH4)2H2P2O7(liquid) + H2O(liquid) was 
determined in order to fit the polymerization data of Bennett et al. [10]. Finally, small ternary model parameters were 
introduced for the liquid phase in order to fit the liquidus data [10-12] in the low H2O content region of composition of the 
H2O-NH4NO3-NH4H2PO4(-(NH4)2H2P2O7) ternary system (< 10 wt% H2O). The calculated liquidus curve of NH4H2PO4 in 
the H2O-NH4H2PO4 system at 1 atm total pressure is shown along with the measurements in figure 5. (The calculated 
metastable liquidus in the two-phase-region (gas + NH4H2PO4(solid)) is shown as a dashed line.) As can be seen in figure 5, 
the calculated liquidus deviates substantially from the experimental points when the water content is more than 65 wt%. 
This is mostly due to the “molten salt nature” of the thermodynamic model for the liquid solution, where a cationic and an 
anionic sublattices are assumed to be present. For such high contents of water (> 65 wt%), a model with a more explicit 
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molecular behavior than simple hydrated cations would perform better. However, for many engineering calculations in this 
system, the present model will give quite accurate results.  
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Fig. 5. Calculated liquidus curve of NH4H2PO4 in the H2O-NH4H2PO4 system at 1 atm total pressure. 
Various polymerization data were available [10]. As an example, figure 6 displays the calculated % of polymerized 
phosphorus (H2P2O72- versus H2PO4-) in NH4NO3-NH4H2PO4-H2O mixtures as a function of the final H2O content and 
temperature, at constant mass ratio N / P2O5 of 1.0 along with the measurements [10]. The final H2O content corresponds to 
the initial H2O content intentionally added to the starting NH4NO3-NH4H2PO4 mixture at the beginning of the experiments 
[10] plus the amount of H2O generated by the reaction of dimerization of NH4H2PO4 (i.e. 2 NH4H2PO4(liquid)            
↔ (NH4)2H2P2O7(liquid) + H2O(liquid)) minus the H2O losses in the gas phase (at fixed temperature and volume) through the 
reaction H2O(liquid) ↔ H2O(gas) (The reaction 2 NH4H2PO4(liquid) ↔ (NH4)2H2P2O7(liquid) + H2O(gas) induces a mass change of 
the liquid phase without a loss of H2O.) At any given initial NH4NO3, NH4H2PO4 and H2O amounts, for a given temperature 
and a given volume, the Gibbs energy minimization of the liquid phase using the present thermodynamic model gives the 
equilibrium NH4NO3-NH4H2PO4-(NH4)2H2P2O7-H2O composition, from which can be calculated the % of polymerized 
phosphorus (defined as 100·PPYRO / (PPYRO + PORTHO), where PYRO and ORTHO refer to the dihydrogen pyrophosphate 
(NH4)2H2P2O7 and the dihydrogen orthophosphate NH4H2PO4, respectively).  
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Fig. 6. Calculated % of polymerized phosphorus in NH4NO3-NH4H2PO4-H2O mixtures at constant mass ratio N / P2O5 of 1.0. 
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Finally, figure 7 shows the calculated liquidus curve of NH4H2PO4 in the NH4NO3-NH4H2PO4-H2O system at constant 
mass ratio N / P2O5 of 1.50 along with the measurements [11,12]. 
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Fig. 7. Calculated liquidus curve of NH4H2PO4 in the NH4NO3-NH4H2PO4-H2O system at constant mass ratio N / P2O5 of 1.50. 
5. Some examples of calculations relevant for the production and storage of fertilizers 
In this section, are given some examples of calculations relevant for the production and storage of fertilizers. The 
production of inorganic fertilizers involves water evaporation and, therefore, the boiling temperatures of these mixtures are 
of great interest. Figure 8 shows the calculated boiling temperature curves at 1 atm total pressure for NH4H2PO4-NH4NO3-
KNO3-H2O mixtures with 2.5, 5 or 10 wt% H2O, as a function of the content (wt%) of the NH4NO3-KNO3 mixture at 
constant mass ratio NH4NO3 / (NH4NO3 + KNO3) of 0.8.  
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Fig. 8. Calculated boiling temperature curves at 1 atm total pressure for NH4H2PO4-NH4NO3-KNO3-H2O mixtures with 2.5, 5 or 10 wt% H2O,                              
at constant mass ratio NH4NO3 / (NH4NO3 + KNO3) of 0.8. 
As seen in figure 5, the NH4H2PO4-H2O binary mixtures with 2.5, 5 or 10 wt% H2O all correspond to the two-phase-
region (liquid + NH4H2PO4(solid)) and, therefore, they have the same boiling temperature (121oC). This explains why the 
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calculated boiling temperature curves in figure 8 all have the same boiling temperature in absence of the NH4NO3-KNO3 
mixture.  
A knowledge of the phase equilibria is also very important for the storage and production of fertilizers. As examples, figures 
9 and 10 display the calculated isothermal sections at 25oC and 115oC, at 1 atm total pressure, for the NH4H2PO4-(NH4NO3-
KNO3 4:1)-H2O system (i.e. at constant mass ratio NH4NO3 / (NH4NO3 + KNO3) of 0.8). 
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(i.e. at constant mass ratio NH4NO3 / (NH4NO3 + KNO3) of 0.8). A = NH4H2PO4-KH2PO4 solid solution, B = NH4NO3-rich solid solution (Pbnm). 
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6. Conclusions 
We have developed a thermodynamic database for the NH4H2PO4-(NH4)2H2P2O7-KH2PO4-K2H2P2O7-NH4NO3-KNO3-
NH4Cl-KCl-H2O system, which is important for fertilizers applications. The liquid phase and all solid solutions were 
modeled using the Modified Quasichemical Model with two sublattices in the pair approximation [1]. The liquid model 
includes the reaction of dimerization of AH2PO4 (where A = NH4+ or K+) according to: 2 AH2PO4(liquid) ↔ A2H2P2O7(liquid) + 
H2O(liquid or gas). The model parameters are mainly obtained by the critical evaluation and optimization of available 
thermodynamic and phase equilibrium data for the low-order subsystems. The model is then able to use these assessed 
parameters for the low-order subsystems to predict the properties (thermodynamic properties, phase equilibria, …) of the 
multicomponent system. In the present article, some results were given for various phosphate-containing subsystems 
(NH4H2PO4-NH4NO3-NH4Cl, NH4H2PO4-KH2PO4-NH4NO3-KNO3, NH4H2PO4-H2O and NH4H2PO4-NH4NO3-H2O), and 
some examples of calculations relevant for the production and storage of fertilizers were shown. The optimized model 
parameters form a database (FTfrtz) for use with the FactSage thermochemical software package [13]. 
As already mentioned, in the liquid model the pH was assumed to be neutral and, therefore, the dissociation of water 
according to 2 H2O ↔ H3O+ + OH- was not taken into account. It is planned to introduce H3O+ and OH- ions in order to 
extend the applicability of the model to acidic and alkaline media.  Eventually, HPO42- ion will also be taken into account. 
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